Background: Persistent high-risk human papillomavirus (HPV) infection is a necessary prerequisite for development of cervical cancer and its precursor lesion, high-grade squamous intraepithelial lesion (HSIL). However, HPV infection is not sufficient to drive this process, and genetic and environmental factors may also play a role. Methods/Design: The Cervical Cancer, Genetics and Environment Twin Study was established to investigate the environmental and genetic influences on variation in susceptibility to cervical pre-cancer in 25-to 69-year-old monozygotic (MZ) and dizygotic (DZ) twins recruited through the Australian Twin Registry. Reviews of Papanicolaou (Pap) screening histories were undertaken to identify individual women with a history of an abnormal Pap test. This was followed by detection of HPV in archival Pap smears of selected twin pairs to determine HPV persistence. Selected twin pairs also completed a detailed questionnaire on socio-demographic characteristics, sexual behavior, and HPV knowledge. In future analyses, under the assumptions of the classical twin design, case-wise concordance for persistent HPV infection and HSIL will be calculated for MZ and DZ twin pairs, and twin pairs (both MZ and DZ) who are discordant for the above outcomes will be used to assess the contributions of measured environmental risk factors. Discussion: The study examines factors related to HPV persistence and development of HSIL among female MZ and DZ twins. The results will contribute to our understanding of the natural history of cervical HPV infection and the relative contributions of genetic and environmental factors in disease progression.
Persistent infection with high-risk human papillomavirus (HR-HPV) is recognized as a necessary cause of nearly 100% of cervical cancers (Bouvard et al., 2009; De Vuyst et al., 2009) . Over recent years, mounting evidence from epidemiological studies has built an understanding of the natural history of HPV infection and disease progression. Infection with HPV is extremely common in young women in their first decade of sexual activity (Castle et al., 2005) . Persistent infections and cervical pre-cancer are typically established within a decade (5-10 years) for less than 10% of new infections, and subsequent invasive cancer arises over many years, even decades, in a minority of women with precancer (Castle et al., 2011; Rodriguez et al., 2010; Schiffman et al., 2002) . HR-HPV infection has long been established as the primary risk factor for cervical cancer, with HPV16 having the highest carcinogenic potential (Bouvard et al., 2009) . While the first infection stage of cervical cancer pathogenesis is influenced by risk factors related to sexual behavior (Syrjanen et al., 1984) among HPV-infected women, a range of environmental and behavioral risk factorsincluding cigarette smoking, high parity, and long-term oral contraceptive use -have been established as important cofactors in disease persistence (Jensen et al., 2013; Kapeu et al., 2009; Wang et al., 2009) . Other factors suggested to play important roles in HPV susceptibility include alterations in the cervicovaginal and mucosal immune microenvironments (Kyrgiou et al., 2016; Lee et al., 2013) . However, their role as modifiers of HPV natural history is poorly understood and has not been examined in longitudinal studies (Kyrgiou et al., 2016) . In addition, epidemiological studies have suggested that concomitant infections with other sexually transmitted infections (STIs), in particular human immunodeficiency virus (HIV), Chlamydia trachomatis, and herpes simplex virus-2, may act as important co-factors for HPV persistence (Carreira et al., 2013; de Abreu et al., 2016; Samoff et al., 2005) . However, history of STIs is also an indicator of sexual behavior, and concomitant infection may simply reflect recent exposure. As such, with the exception of HIV infection, consensus for the additive impact of these factors on HPV persistence is lacking.
Hereditary host factors may also play a role in driving HPV persistence and disease progression. Previous work suggests that cervical cancer may aggregate in families. Studies of the familial clustering of cervical cancer have found up to two-fold elevated risk of cervical intraepithelial neoplasia grade 2/3 (CIN 2/3) or invasive cervical cancer in women with an affected first-degree relative (Magnusson et al., 2000; Moore et al., 2012; Zelmanowicz Ade et al., 2005) . More recently, large genome-wide association studies (GWAS) have identified a number of potential host genetic markers of susceptibility to persistent HPV infection leading to cancer, but results are inconsistently reported across different studies Martinez-Nava et al., 2016) .
A powerful method to investigate the role of gene and familial environment on complex traits and diseases is the classical twin study (Boomsma et al., 2002; Martin et al., 1978) . Because monozygotic (MZ) twins are genetically identical and dizygotic (DZ) twins share, on average, half of their genomes, they can be studied to understand the relative contributions of genetic and environmental influences on disease risk. Under the assumptions of the classical twin model, if the concordance for the outcome measure is greater for MZ pairs than for DZ pairs, then genetic factors are likely to be important. In contrast, if the concordance for MZ and DZ pairs is similar, then environmental factors shared by twins are likely to be important (Boomsma et al., 2002; Hopper et al., 1987) . Additionally, since MZ twins share the same genotypes and also tend to share lifestyle factors, the discordant identical twin model (i.e., co-twin control method) can be used to investigate the impact of environmental factors on a trait, eliminating genetic variation as a cause of discordance (van Dongen et al., 2012) .
To date, familial and twin studies of cervical cancer heritability have been limited in their capacity to account for potential confounding that may explain all or some of the observed associations, for example shared cervical cancer screening practices or similar behavior patterns within families (Guo, 2001; Magnusson et al., 2000; Treloar et al., 1999) , and no study has examined environmental influences on HPV persistence using a discordant-twin model. In addition, HPV infection status has not been adequately addressed by any twin study aimed at quantifying the contributions of genetic and environmental factors on risk.
The Cervical Cancer, Genetics and Environment Twin Study (CeCaGeEn) was established to determine the relative contributions of environmental and genetic factors in the development of invasive cervical cancer. Specifically, the study aims were to assess (1) whether genetic and environmental factors influence the development of persistent cervical HR-HPV infection; (2) for women with persistent HR-HPV, whether genetic and environmental factors influence the progression to cervical cancer, using HSIL as a surrogate for a cancer endpoint; and (3), among discordant twin pairs, what environmental factors influence development of persistent HR-HPV and progression to HSIL. Secondary to this, the study also aimed to assess the negative predictive value of HPV16 and HPV18 serology for past HPV infection in twins with no history of an abnormal Papanicolaou (Pap) smear result.
In future analyses, under the assumptions of the classical twin design, concordance for persistent HPV infection and HSIL will be calculated for MZ and DZ twin pairs. Data from twin pairs (both MZ and DZ) who are discordant for HPV infection and HSIL will be analyzed to assess the contribution of measured environmental risk factors. We hypothesize the following:
1. concordance rates for persistent infections will be greater for MZ twin pairs compared with DZ twin pairs in women who have been exposed to HR-HPV (Hypothesis 1); 2. in women with persistent HR-HPV, HSIL concordance rates will be greater for MZ twin pairs compared with DZ twin pairs (Hypothesis 2); 3. for discordant MZ and DZ twin pairs, the odds of persistent infection or HSIL will be higher for those with known cervical cancer risk factors such as smoking, high parity, oral contraceptive pill, and history of multiple sexual partners and STIs (Hypothesis 3).
Design and Methods

Design
CeCaGeEn is a retrospective study of cervical HPV infection and squamous intraepithelial neoplasia in Pap smears in 25-to 69-year-old female MZ and DZ twins recruited from the Australian Twin Registry (ATR) (Clifford & Hopper, 1986 ). Reviews of Pap screening histories were performed to identify individual women with a history of an abnormal Pap test. This was followed by detection of HPV in archival Pap smears of selected twin pairs to determine HPV persistence. Selected study participants also completed a detailed questionnaire capturing data on sociodemographic characteristics, sexual behavior, knowledge and understanding of HPV, and reproductive history.
Ethics
Approval for the study was granted on . Written informed consent was obtained from all women before any study-specific procedures were performed.
Study Population and Recruitment
The study utilized the valuable resource of the ATR, a voluntary registry of over 35,000 twin pairs willing to take part in medical research. The ATR is funded by the Australian Government through the National Health and Medical Research Council and aims to connect researchers with twins who have volunteered to take part in medical research (Clifford & Hopper, 1986) . Female twin pairs were invited to take part in the study in a two-part process described below. The overall study flow is shown in Figure 1 .
Phase I. Between 2007 and 2012, the ATR approached female MZ and DZ twins to participate in the study via an approach package that was mailed directly to members. Eligible twins who had not been approached to participate in research in the preceding six months were randomly selected and sent a study invitation package. Twins who did not respond to the initial approach package within two to three weeks were followed up, either with a reminder letter or a telephone call from one of the ATR's research assistants. The ATR provided contact details of the twins to the study investigators only when both twins had agreed to participate in the study and the twins were assumed to be eligible for the study.
Eligible participants were women aged from 25 to 69 years who had a twin sister. Participants were excluded if either twin was unable or declined to provide informed consent, had previously received an HPV vaccine, or were unable to complete the study requirements.
For all consenting twin pairs, Pap screening histories and pathology reports (where relevant) were obtained from cervical cytology registries. Australia has well-organized statebased registries for cervical cytology that were established in the late 1980s and 1990s under state legislation. Reporting laboratories forward all Pap smear results to the state registries, unless a woman opts out by informing her doctor or the register. Less than 1% of Pap tests are not recorded on a registry. In all states, pathology laboratories are required by the National Pathology Accreditation Advisory Council to keep Pap smear slides for at least 10 years (Smith et al., 2003a) , and may keep them for longer if storage permits.
Following review of full screening histories, individual women with any cytological abnormality and their twins (regardless of Pap history) were invited to participate in Phase II of the study. In addition, 100 randomly selected twin pairs with no history of cytological abnormality were invited to participate in Phase II. HPV16 and HPV18 serology was performed in this group to determine the negative predictive value of a negative screening history in determining past infection with HPV16 and HPV18, and in doing so evaluate how much misclassification may be present in the analysis. Involving twin pairs with normal Pap smears also allowed the study to preserve the privacy of twins who were invited to participate in Phase II (i.e., communicating to the twins that they have been selected for Phase II, but not specifically because they have had an abnormal Pap smear result).
Phase II. In Phase II, once informed consent was obtained, selected Pap slides were retrieved from pathology laboratories. Pathology laboratories were sent a list containing the full names, dates of birth, and unique laboratory and Medicare numbers of the participants who consented to having their slides released to the study. Slides were retrieved and delivered to the Royal Women's Hospital Department of Molecular Microbiology (Melbourne, Australia) for HPV DNA detection and genotyping (Tabrizi et al., 2010) . Blood sample collection. Blood samples were drawn from the randomly selected twin pairs with no history of cytological abnormality. These samples were used for HPV16 and HPV18 genotype serology and may be also used in the future to measure other potential determinants of cervical cancer risk.
Questionnaire. Phase II eligible twin pairs were also asked to complete a short paper-based questionnaire that asked about socio-demographic characteristics, smoking status, age at first sexual intercourse, number of lifetime and recent sexual partners (previous 5 years and 12 months), current contraceptive use, and relationship status. Additional information included history of Chlamydia trachomatis or genital herpes simplex virus type 2 infection and knowledge and understanding of HPV. A brief reproductive history was also collected (Smith et al., 2003a) . The measures and scales were adopted from a number of studies, including the Australian Study of Health and Relationships (Smith et al., 2003a (Smith et al., , 2003b and from published HPV knowledge and awareness surveys developed by authors MP and SMG (Pitts et al., 2007; Smith et al., 2009 ).
HPV DNA detection and genotyping. All Pap slides were first digitally scanned using an Aperio ScanScope XT scanner (Leica Biosystems, Heidelberg, Germany) before processing. Coverslips and cells were removed from the slides, and DNA was extracted on the MagNAPure LC automated system using the DNA-I kit (blood cells high-performance protocol), as previously described (Chua & Hjerpe, 1996; Tabrizi et al., 2010) . DNA samples were screened for the presence of HPV DNA using the DNA ELISA kit HPV SPF10, version 1 (Labo Bio-medical Products BV, Rijswijk, The Netherlands), following the manufacturer's instructions. Samples that were negative for HPV DNA were screened for a 110 bp segment of the human beta-globin gene by quantitative real-time PCR, as previously described (Cornall et al., 2013) . Samples that were negative for both HPV and beta-globin DNA were considered not assessable and omitted from further analysis. HPV DNA positive samples were amplified, detected, and scored on the LINEAR ARRAY R HPV Genotyping Test (Roche Diagnostics GmbH, Mannheim, Germany) following the manufacturer's instructions and with previously described modifications (Stevens et al., 2008) . DNA samples that were invalid on the LINEAR ARRAY R HPV Genotyping Test (negative HPV and for one or both beta-globin probes) were tested on the RHA kit HPV SPF10-LiPA25, version 1 (Labo Bio-medical Products BV, Rijswijk, The Netherlands) following the manufacturer's instructions and using the same amplicons generated for the DNA ELISA. Positive results for HPV34, HPV43, HPV44, and HPV74 on HPV SPF10-LiPA25 were excluded from analysis because these genotypes are unable to be detected by LINEAR ARRAY R HPV Genotyping Test. Because HPV SPF10-LiPA25 is unable to discriminate between HPV68 and HPV73 (Kleter et al., 1999) , samples with this result were further tested on typespecific quantitative real-time PCR for HPV68 and HPV73, as previously described (Cornall et al., 2015) . All other HPV SPF10-LiPA25 positive results were recorded.
HPV pseudovirion (PsV) neutralization assays. Blood samples were transported to the Diamantina Institute (University of Queensland, Australia) for processing and testing for the presence of HPV16 and HPV18 antibodies using HPV PsV neutralization assays. PsV16 and PsV18, encapsidating a secreting alkaline phosphatase reporting plasmid produced in 293TT cells, were used for in vitro neutralization assays using well-established methods, as previously described (Buck et al., 2005; Pastrana et al., 2015) . Infection of 293TT cells was monitored by secreting alkaline phosphatase activity in the culture supernatant using a highly sensitive chemiluminescent reporter system. Antibody-mediated PsV neutralization was detected by a reduction in secreting alkaline phosphatase activity. The titre was defined as the reciprocal of the highest dilution of
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FIGURE 2
Definition of participant status based on HPV DNA testing of Pap slides.
serum that reduced the secreting alkaline phosphatase activity by at least 50% compared with the reactivity in the wells that received PsV but no antibody (Pastrana et al., 2015) .
Statistical considerations. Outcome definition.
Following HPV testing, Pap screening histories of individual members of a twin pair were classified as persistent, transient, or negative for HPV (Figure 2 ). Persistent HPV infection was defined as detection of the sample HPV genotype in two Pap smear samples collected over at least a 12-month period, regardless of the cytology result recorded for the index Pap smear (e.g., normal/LSIL/HSIL). Transient infection was defined as having only one Pap slide positive for HPV DNA with Normal/LSIL abnormality recorded on the index Pap smear. Serial Pap slides with no history of cytological abnormality and on which HPV DNA was not detected were classified as negative for HPV (Figure 2) .
High-grade lesions were defined as ASC-cannot exclude HSIL (ASC-H) or HSIL recorded on the Pap test Registry plus HSIL confirmed by biopsy.
Analysis plan.
The main objective of the analyses is to conduct case-wise concordance analyses to examine whether the development of persistent infection with HR-HPV (Aim 1) or further progression to cervical cancer using cytological abnormalities or HSIL as a surrogate (Aim 2) is influenced by genetic or environmental factors, after adjusting for other known important covariates. Case-wise concordance is the conditional probability of a twin being affected, given that the co-twin is also affected (Witte et al., 1999) . Under the assumptions of the classical twin model, non-genetic factors relevant to the trait variance are shared to the same extent within MZ pairs as within DZ pairs. If there is a familial influence on risk, the concordance within twin pairs will be greater than expected by chance; if concordance for a trait is greater within MZ pairs than within DZ pairs, the presence of an additive genetic influence is supported; if concordance within pairs is not different between MZ and DZ pairs, then a shared environmental influence is suggested. To address Aim 1, case-wise concordance for persistent versus transient infection (Figure 2 ) will be calculated among MZ and DZ pairs. For Aim 2, the analysis will be restricted to MZ and DZ twins with persistent HR-HPV infection (Figure 2) . Case-wise concordance will be estimated using maximum likelihood methods with 95% confidence intervals, whereas comparisons between MZ and DZ pairs will be performed using chisquare statistics. Both univariate and adjusted analysis will be performed, adjusting for known cervical cancer risk factors such as HPV status, smoking, high parity, oral contraceptive pill, and history of multiple sexual partners and STIs.
MZ and DZ pairs who are discordant for persistent infection or HSIL will be used to assess the effects of environmental risk factors for cervical cancer pathogenesis. Logistic regression estimated by generalized estimating equations (which take into account the correlation within twin pairs) will be used to examine association between cervical cancer pathogenesis and independent variables, including zygosity, smoking, high parity, oral contraceptive use, history of sexual transmitted infections (e.g., Chlamydia trachomatis and genital herpes), and plus any other potential confounders.
All statistical tests will be two sided with significance level chosen at 5%. All analyses will be performed using STATA version 13 (StataCorp. 2013. Stata Statistical Software: Release 13. College Station, TX: StataCorp LP) and an in-house program written in R (https://www.rproject.org/).
Power and sample size estimates. Given the limited data available from previous studies, it is difficult to predict an effect size on which to base the sample size (Moore et al., 2012) . Nevertheless, we expect a small difference in concordance between MZ and DZ pairs. To determine samples sizes, tests of two sample independent proportions were performed. The analysis showed that a total of 72 twin pairs is required in each of the groups (assuming equal numbers of MZ and DZ pairs) to detect a difference in concordance of 0.18 on the primary outcomes, given a two-sided 5% significance level, a power of 80%, and a case-wise concordance of 0.3 for MZ twin pairs. However, under the assumptions that 50% of invited twin pairs consent, 50% have Pap smears available, an HR-HPV prevalence of 25%, and a 0.1% probability that one or both twins have a history of HSIL, a substantially larger number of twin pairs are needed (n = 364 to address Aim 1 and n = 198 to address Aim 2).
Discussion
The CeCaGeEn study is a multidisciplinary collaboration bringing together a wealth of experience in the fields of molecular biology, epidemiology, behavioral science, and twin research. The study uses the resources of the ATR and the cervical cytology registries to examine the environmental and genetic influences on variation in susceptibility to cervical pre-cancer. In addition, effects of environmental risk factors for cervical cancer pathogenesis will be investigated among discordant twin pairs. The study results will contribute to understanding the natural history of cervical HPV infection and the relative contribution of genetic and environmental factors in disease progression.
The determinants of HR-HPV persistence and subsequent progression from HSIL to cervical cancer are unknown. Only a small proportion of HPV-infected women ever develop cervical cancer, and a combination of viral, environmental, and host genetic factors are likely to be important determinants of disease risk. With respect to the latter, the contribution of heritable factors to the causation of cervical cancer has previously been quantified, with estimates ranging from 22% to 27% based on two large studies of familial cancer aggregation (Czene et al., 2002; Magnusson et al., 2000) , and a recent GWAS . These estimates of contribution of genetic factors for cervical cancer were substantially higher than that for colon (13%), lung (8%), and kidney (7%) cancers (Czene et al., 2002) .
A large proportion of susceptibility to cervical cancer pathogenesis (>70%) may not be attributed to additive genetic factors; therefore, a better understanding of other contributing factors is critical. The importance of such risk factors for HPV persistence can be investigated using the cotwin control design, using twins discordant for a specific environmental factor (i.e., history of chlamydia infection, smoking, and oral contraceptive use), as well as twins discordant for disease outcome (i.e., HR-HPV infection or persistence). The co-twin control method is an elegant research design that uses differences within twin pairs to examine the association between a measured risk factor and an outcome of interest, which improves the power of the conventional unmatched (case-control study) design (Goldberg & Fischer, 2005) . The advantage of using the co-twin control method is that it provides a powerful tool to control for genetic and unmeasured early environmental factors. The results of such analyses may provide novel data relating to the etiology of cervical cancer.
This study is subject to potential limitations. First, HPV serology was limited to HPV genotypes 16 and 18; therefore, we cannot assess previous exposure to other HR-HPV genotypes. However, HPV16 and 18 are responsible for the majority of cervical disease and are perhaps the most relevant in the context of assessing pre-vaccination seroprevalence rates among women with normal screening histories (Bouvard et al., 2009; Velentzis et al., 2014) . Also, only a small number of blood samples were collected, which limits our power to perform additional risk-factor or twin analyses. Second, recent studies indicate that the cervicovaginal microbiome may play an important role in susceptibility to STI infections (including HPV) and to the development of cervical HSIL. While we did not collect vaginal microbiome samples, the DNA samples extracted for this study will likely be used in future sub-studies, including cervical microbiome profiling (Mitra et al., 2015; Smith et al., 2012) . Third, HPV detection and genotyping in archival cervical smears can potentially yield low-quality and low-quantity DNA, depending on factors such as smear cellularity, age, and storage history (Griffin & Doorbar, 2016) . Despite this, previous research suggests that HPV testing in archival cervical smears can offer accuracy in HPV detection, when compared to traditionally collected samples (Tabrizi et al., 2010) . Last, we acknowledge that the contribution of additive genetic factors to risk of persistence could be overestimated due to the presence of unknown confounders.
However, the study has a number of strengths, including the availability of data on lifetime cervical screening history, as well as demographic and risk factor information and samples for HPV genotypes. Very few classical twin studies have assessed the evidence of a possible genetic component in cervical cancer pathogenesis, and none has incorporated HPV status and other potential behavioral confounders into the study design (Moore et al., 2012) . As such, results of studies have been mostly inconsistent, owing to differences in study design, assessment of exposure variables, and analyses.
Identification of predictive biomarkers (whether genetic or environmental) that could determine individuals' susceptibility to cervical cancer has important clinical implications. HR-HPV testing is considered superior to Pap testing for detecting underlying disease (Castle et al., 2012; Ronco et al., 2014) . As a result, the use of routine Pap testing is being phased out and replaced with HR-HPV primary screening in many countries with organized screening programs (Castle et al., 2012) . In addition, persistent HR-HPV infection has been identified as an appropriate endpoint for efficacy studies of new-generation prophylactic HPV vaccines Syrjanen, 2011) . Given the evolution in clinical practice, a better understanding of all the factors that influence the risk of HPV persistence is needed. This information could be used to better define primary endpoints in novel prophylactic vaccine trials, and in clinical screening algorithms to pinpoint those most at risk and requiring further follow-up.
